Thoracic aortic aneurysm and dissection (TAAD), as a life-threatening cardiovascular disease, is characterized by extracellular matrix remodelling and an inflammatory response. A disintegrin and metalloproteinase with thrombospondin motifs 1 (ADAMTS1) is an inflammation-related protein that is able to degrade extracellular matrix proteins in arteries. Herein, we investigated whether ADAMTS1 contributes to the pathophysiology of TAAD in mice. Using the mouse 
increases with age (Jiang, Yi, Zhu, & Wei, 2016) . Although various examination techniques and intravascular stent application have improved the prognosis in these patients, the efficacy of treatments is still unsatisfactory for some patients. There are currently no specific early diagnostic methods or effective therapeutic drugs because the pathogenesis of TAAD remains unclear. Therefore, elucidating the molecular mechanisms underlying TAAD, especially in the early stage, and screening new therapeutic targets are urgently needed and have great clinical significance.
The development of TAAD is a complicated process in the aortic wall that mainly involves extracellular matrix degradation and inflammatory cell invasion. Extracellular matrix remodelling is crucial to the pathogenesis of TAAD. The extracellular matrix of the arterial wall consists of elastic fibres, collagen fibres and proteoglycans, which can be degraded by proteolytic enzymes, such as matrix metalloproteinases (MMPs) and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTSs) (Wu, Shen, Russell, Coselli, & Lemaire, 2013b) . However, which metalloproteinase plays the essential role in TAAD in vivo remains elusive. In addition, recent studies have found that inflammation is involved in the pathogenesis of TAAD (Luo, Zhou, Li, & Hui, 2009) , as evidenced by the presence of inflammatory cells, especially neutrophils and macrophages (Wu et al., 2013a) . These cells are potential sources of pro-inflammatory cytokines and proteases, including MMP2 and MMP9, that can disrupt aortic media layers and weaken the aortic wall (Eliason et al., 2005; Phillipson & Kubes, 2011; Tieu et al., 2009) . Extracellular matrix degradation and inflammation are closely related to each other and together may promote progressive aortic enlargement and rupture.
The ADAMTS metalloprotease family, first described in 1997 (Kuno et al., 1997) , has been related to diverse pathophysiological processes, including tissue morphogenesis, vascular biology and inflammation (Kelwick, Desanlis, Wheeler, & Edwards, 2015) . Among the 19 ADAMTS proteases that have been identified to date, most research has focused on the function of its first member, ADAMTS1, a secreted multi-domain matrix-associated zinc metalloendopetidase protein that directly anchors to the extracellular matrix by its carboxylterminal region (Kuno & Matsushima, 1998) . By inducing genetic haploinsufficiency of ADAMTS1 in mice, a recent study revealed that ADAMTS1 and nitric oxide have crucial roles in Marfan syndrome (Oller et al., 2017) . Interestingly, our previous study (Gao et al., 2016) found that the level of ADAMTS1 was significantly enhanced in blood and aortic tissues that were harvested from acute aortic dissection patients and in an aortic dissection mouse model induced by angiotensin II (Ang II) in aged mice. Herein, by using of inducible ADAMTS1 knockout (KO) mice, we found that the postnatal silencing of ADAMTS1 significantly restrained TAAD formation and rupture in the -aminopropionitrile (BAPN)-induced TAAD mouse model.
METHODS

Ethical approval
Animal care and procedures were approved by the China-Japan Friendship Hospital Animal Welfare and Ethics Committee (protocol
New Findings
• What is the central question of this study?
Thoracic aortic aneurysm and dissection (TAAD) is characterized by extracellular matrix remodelling and an inflammatory response. Evidence suggests that ADAMTS1 is closely associated with TAAD development, but whether it contributes to the pathophysiology of TAAD remains unknown.
• What is the main finding and its importance?
We generated inducible postnatal ADAMTS1 knockout mice and found that ADAMTS1 deficiency attenuated -aminopropionitrile-dependent TAAD formation and rupture. Furthermore, ADAMTS1 deficiency suppressed neutrophil and macrophage infiltration by inhibiting inflammatory cytokine levels and macrophage migration during the early stage of -aminopropionitrile-induced TAAD. ADAMTS1 could be a new therapeutic target for TAAD.
no. 160109), which meets the 'Principles and standards for reporting animal experiments in The Journal of Physiology and Experimental Physiology' as described in the Editorial by Grundy (2015) and complies with the animal use ethics checklist set forth by Experimental Physiology.
Animals
Animals were housed under a 12 h light-12 h dark cycle in specific pathogen-free conditions and fed standard chow (Lab-Diet 5P76). All mice that were used in the experiments were male and on a C57BL/6J background. To achieve conditional deletion of the ADAMTS1 gene in vivo, an ADAMTS1-floxed mouse model was developed by CRISPR/Cas9 methods. An ADAMTS1 donor vector containing flox sites flanking exon 2 of the ADAMTS1 gene was prepared. Cas9 mRNA and sgRNAs were prepared by in vitro transcription. Two sgRNA target sites for intron 1 were 5 ′ -GCCCTGGCTTCAATAGTGAA-3 ′ and 5 ′ -CTCATTCGGGATTTCAGCCC-3 ′ . Two sgRNA sites for intron 3 were 5 ′ -TGAGCTAGCCTATAACCGAA-3 ′ and 5 ′ -CCT CATTTCCTTTCGGTTAT-3 ′ . The donor vector with Cas9 mRNA and sgRNAs was microinjected into C57BL/6J fertilized eggs.
The positive F0 generation mice for homologous recombination were identified by long PCR. The PCR products were confirmed by sequencing. The genotype of F1 generation ADAMTS1-flox heterozygous mice was further identified using long PCR. The ADAMTS1 flox/flox mice were crossed with Ubc-Cre ERT2+ mice (strain no. 008085; Jackson Laboratory, USA) to obtain ADAMTS1 flox/flox UbcCre ERT2+ (ADAMTS1 KO) mice and ADAMTS1 flox/flox Ubc-Cre ERT2− control mice, which were genotyped with PCR and gene sequencing using tail genomic DNA and the following primers: ADAMTS1-floxed allele (forward, GTAAGACAAGAGCTTATCAA; reverse, CTACAAAGAGGCAAGGGAAA); Ubc-Cre ERT2+ allele (forward, GCGGTCTGGCAGTAAAAACTATC; reverse, GTGAAACAGCATTGCT GTCACTT) and ADAMTS1 (forward, CAGAGAACCCCCTGGGACCC; reverse, CTACAAAGAGGCAAGGGAAATC). Tamoxifen (T5648; Sigma, St Louis, MO, USA) was dissolved in corn oil at 10 mg ml −1 and injected I.P. at 75 mg kg −1 for 5 consecutive days to induce the deletion of ADAMTS1 expression (Lopresti, 2015) .
Seven days after the final tamoxifen injection, 3-week-old male mice were administered BAPN (1.0 g kg −1 day −1 ; A3134; Sigma), which was dissolved in drinking water, for 28 days as previously described (Jia et al., 2015; Ren et al., 2016) . -Aminopropionitrile inhibits the activity of lysyl oxidase (LOX), an important enzyme for the organization, crosslinking and maturation of extracellular matrix proteins, i.e. collagen and elastin (Sherif, 2010) . Aortic aneurysm and dissection induced by BAPN were first described in turkeys by Durrell and colleagues in 1952 , which occurred mainly in young and rapidly growing males (Ball, Sautter, Pomeroy, & Waibel, 1965) . In mice, male and younger mice (between 2 and 5 weeks of age) were shown to be more susceptible to the effects of BAPN than female and mature mice, respectively (McCallum, 1958) .
The mice were divided into four groups: ADAMTS1 flox/flox mice + vehicle (n = 10), ADAMTS1 flox/flox mice + BAPN (n = 33), ADAMTS1 KO mice + vehicle (n = 10) and ADAMTS1 KO mice + BAPN (n = 33).
During the experimental period, the changes of weight and systolic blood pressure were monitored, and mouse deaths were observed.
Animals that died were immediately dissected and those that survived were killed by I.P. injection of pentobarbital sodium (200 mg kg −1 ) after 28 days. There were 14 and six mice that died in the ADAMTS1 flox/flox and ADAMTS1 KO groups, whereas 19 and 27 mice were subjected to euthanasia, respectively. The aortas (from the root to the abdominal aorta at the iliac artery branch site) were isolated under a dissecting microscope. In the BAPN-induced TAAD model, aortic dissection is mainly located in the thoracic aorta (ascending aorta and descending aorta) and is defined as disruption of the medial layer of the aortic wall resulting in separation of the aortic wall layers and subsequent formation of a true lumen and a false lumen (Prêtre & Von Segesser, 1997) . Aortic aneurysm is defined as localized dilatation of the aorta >50% of the adjacent intact portion of the aorta (Kanematsu et al., 2010) .
Non-invasive tail-cuff blood pressure measurement
Systolic blood pressure was measured on days 0 (baseline), 7, 14, 21 and 28 (endpoint) of the experiment using a computerized noninvasive tail-cuff system (Softron Biotechnology, Beijing, China).
Animals were habituated to the device before measurement of the blood pressures to ensure accurate measurements. Good reproducibility of this method has been established previously (Seto et al., 2013) . Blood pressure values recorded were from an average of three consecutive measurements. 
Quantitative real-time PCR
Western blot analysis
Histological analysis and immunohistochemistry
The ascending aortas (from the sinotubular junction to the innominate artery) and descending aortas (from the aortic arch to the diaphragm) were excised. Serial cryosections (7 m in thickness, 300 m apart)
were stained with Haematoxylin and Eosin staining and VerhoeffVan Gieson staining (BASO Precision Optics Ltd., Taiwan, China)
according to the manufacturer's protocol. Elastin degradation grading was scored as follows: grade 1 = <25% degradation; grade 2 = 25-50% degradation; grade 3 = 50-75% degradation; or grade 4 = >75% degradation (Yu et al., 2017) .
For immunohistochemical analysis, frozen sections of mouse aortas were rehydrated in histochemical PBS. Endogenous peroxidase activity was quenched by incubating with 3% hydrogen peroxide, and non-specific staining was reduced by blocking with 10% normal goat serum. The sections were incubated with the following primary antibodies: CD45 (1:200; BD Bioscience, San Diego, CA, USA); Ly6G
(1:400; BioLegend, San Diego, CA, USA) and CD68 (1:200; BioRad Laboratories, Inc., USA) at 4 • C overnight and then with the appropriate horseradish peroxidase-conjugated secondary antibody.
Slides incubated with IgG alone were used as negative controls. The sections were developed using the DAB substrate kit (ZSGB-Bio, Beijing, China), and nuclei were counterstained with Haematoxylin.
The sections were examined using an Olympus DP70 fluorescence microscope (Olympus Tokyo, Japan). Images from five to eight randomly selected visual fields (magnification, ×400) per aortic section were captured, and positive areas were measured by Image-Pro Plus V7.0 software (Media Cybernetics, Inc., Bethesda, MD, USA).
Flow cytometry
Single-cell suspensions were obtained from peripheral blood, bone marrow and peritoneal lavage fluid and analysed by flow cytometry.
Red blood cells were lysed with RBC lysis buffer (Beijing Solarbio
Science & Technology Co., Ltd, China) for 10 min at room temperature.
Peripheral blood and bone marrow cells were stained with a mixture of the following antibodies: anti-CD45-FITC, anti-CD11b-APC and antiLy6G/C-PE (BioLegend), and peritoneal cells were incubated with antiCD11b-APC and anti-F4/80-PE (BioLegend) at 4 • C for 30 min. After the unbound antibodies were washed out, labelled cells were examined using a BD FACS Calibur system (BD Bioscience), and the data were analysed using FlowJo software (Tree Star, Ashland, OR, USA).
Peritoneal macrophage isolation and culture
Primary peritoneal macrophages were extracted from the peritoneal cavities of tamoxifen-treated ADAMTS1 flox/flox and ADAMTS1 KO mice by I.P. injection of 2 ml 4% thioglycolate broth (Sigma) or PBS as a control. On day 3 after injection, infiltration of cells into the peritoneum were isolated by washing the peritoneal lavage. Cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) and plated on cell culture plates. After 4 h of incubation, non-adherent cells were removed by washing with PBS, and adherent cells were used as peritoneal macrophages.
In vivo migration assay
Tamoxifen-treated ADAMTS1 flox/flox and ADAMTS1 KO mice received an I.P. injection of 2 ml 4% thioglycolate broth. Three days later, the peritoneal cells were harvested, and the percentage of macrophages was quantified by flow cytometry using APC-conjugated anti-CD11b
and PE-conjugated anti-F4/80 antibodies.
In vitro cell migration assay
Transwell migration assays were performed with peritoneal macrophages that were isolated from tamoxifen-treated 
Statistical analyses
All continuous data are reported as the means ± SD. 
RESULTS
ADAMTS1 expression is significantly increased in aortic tissues from BAPN-treated mice
To determine whether ADAMTS1 participates in the pathogenesis of 
Generation and identification of conditional inducible ADAMTS1 KO mice
Given that genetic inactivation of ADAMTS1 results in postnatal lethality, stunted growth, female infertility and adrenal, adipose and ureteral tissue abnormalities (Mittaz et al., 2004; Russell, Doyle, Ochsner, Sandy, & Richards, 2003; Shindo et al., 2000) , we used the Cre-LoxP system to generate tamoxifen-inducible systemic ADAMTS1 KO mice. Mice homozygous for ADAMTS1 in which exon 2 was flanked with loxP sites were bred with mice expressing Cre recombinase fused with a modified oestrogen receptor-binding domain (Ubc-Cre ERT2+ ), which is a mutant form of the oestrogen receptor that is active only in the presence of tamoxifen. Five consecutive daily I.P. injections of tamoxifen were administered to mice, commencing at 10 days of age, which activated inducible Cre activity and deletion of floxed DNA segments (Figures 2a and 3a) . After the final treatment, PCR and DNA sequencing showed that the ADAMTS1 gene was robustly deleted (Figure 3b) . Likewise, western blot showed a dramatic reduction of ADAMTS1 expression by 75% in aortic tissue, lung tissue and peritoneal macrophages, which expressed relatively high levels of ADAMTS1 (Figures 2b and 3c) . These results indicate the utility of the ADAMTS1 KO model for temporally controlled deletion of the ADAMTS1 gene after tamoxifen induction.
ADAMTS1 deficiency attenuated BAPN-dependent TAAD development
To determine whether increased ADAMTS1 expression contributes to the formation of TAAD, we examined TAAD incidence and rupture rates in tamoxifen-treated ADAMTS1 flox/flox and ADAMTS1 KO mice. Taken together, these findings revealed that ADAMTS1 deficiency ameliorated neutrophil and macrophage infiltration into aortic tissue and inflammatory factor expression preceding TAAD formation, and might thereby protect mice from TAAD development.
ADAMTS1 deficiency reduced circulating neutrophils in the early stage of BAPN-induced TAAD
To investigate whether the proportion of neutrophils changed before infiltration into the aorta, we isolated peripheral blood and bone marrow from the mice and counted the numbers of (Figure 6a, b) . We also detected dynamic changes in the numbers of neutrophils in the bone marrow, indicating no differences in the percentages of neutrophils in bone marrow between ADAMTS1 flox/flox and ADAMTS1 KO mice (Figure 6c, d) .
Therefore, ADAMTS1 deficiency might affect peripheral blood neutrophils rather than neutrophils in bone marrow.
ADAMTS1 deficiency attenuated macrophage migration in vivo and in vitro
To elucidate the mechanism that underlies the reduction of macrophage infiltration into the aortas of ADAMTS1 KO mice, we examined changes in the number of CD45 + CD11b + Ly6C high (murine monocyte marker) cells in blood and bone marrow via flow cytometry. WE found that there were no significant differences in the percentages of monocytes in either blood or bone marrow between ADAMTS1 flox/flox and ADAMTS1 KO mice ( Figure 7 ).
Next, we examined the migration activities of macrophages in vivo and in vitro. The ratios of peritoneal macrophages in ADAMTS1 KO mice were much lower than those in ADAMTS1 flox/flox mice after the I.P. injections of thioglycolate broth for 3 days (Figure 8a, b) , suggesting that ADAMTS1 might affect the migratory ability of macrophages. We next performed an in vitro migration assay using peritoneal macrophages that were isolated from tamoxifen-treated ADAMTS1 flox/flox and ADAMTS1 KO mice. When examining the migration responses of ADAMTS1 flox/flox and ADAMTS1 KO macrophages after MCP-1 stimulation using the Transwell migration system, ADAMTS1 flox/flox macrophages exhibited better migration than those from ADAMTS1-deficient mice (Figure 8c, d ). These findings indicate that ADAMTS1 deficiency impaired the migratory ability of macrophages.
DISCUSSION
In the present study, we showed that ADAMTS1 deficiency in mice markedly decreased their susceptibility to BAPN-induced TAAD formation and rupture. Furthermore, ADAMTS1 deficiency suppressed inflammatory cell infiltration by inhibiting inflammatory cytokine levels and macrophage migration. Consistent with our previous observation that ADAMTS1 is upregulated in patients with TAAD and in the Ang II-induced aortic dissection mouse model, targeting ADAMTS1 might provide a potential therapeutic strategy for TAAD. is overexpressed in human atherosclerotic lesions containing macrophages and foam cells (Jönsson-Rylander et al., 2005) . In addition, the Ala227Pro polymorphism in the ADAMTS1 gene increased the risk of coronary heart disease events (Sabatine et al., 2008) . More notably, the studies by Ren et al. (2013) , Güneş et al. (2016) and Li et al. (2017) showed that ADAMTS1 mRNA and ADAMTS1 protein expression was significantly higher in human chronic descending thoracic aortic dissections and type A acute aortic dissections than in control subjects, and ADAMTS1 was expressed in macrophages primarily located in the adventitia. These results were also verified in our previous study, indicating that ADAMTS1 might be involved in the pathogenesis of TAAD. Accordingly, we established a TAAD mouse model challenged by BAPN and generated conditional ADAMTS1 KO mice of to explore its function and possible mechanisms.
In this mouse model, we found that the expression of ADAMTS1 was upregulated in aortic tissues when BAPN was administered early, before TAAD had appeared. Furthermore, when challenged with BAPN, the incidence and rupture rate of TAAD were significantly decreased after knockout of ADAMTS1. Likewise, the survival rate of ADAMTS1 KO mice was greater than that of control mice. In the aspect of histopathology changes, ADAMTS1 deficiency evidently restrained elastic lamina degradation and collapse and the formation of a false lumen induced by BAPN, which were the main pathological characteristics. Thus, our results support that ADAMTS1 has a promoting effect in the occurrence and development of TAAD.
Of interest, Oller et al. (2017) (Kuno & Matsushima, 1998; Apte, 2009) , and ADAMTS1 is expressed in neutrophils and macrophages (Ren et al., 2013; Gao et al., 2016) .
On the one hand, ADAMTS1 deficiency might alleviate the formation and development of TAAD by suppressing neutrophil infiltration into the aortic wall and the proportion of circulating neutrophils. Research based on an animal model has demonstrated that neutrophil depletion prevented the formation of an aortic aneurysms and dissection, suggesting that neutrophil recruitment is crucial for the development of aortic aneurysms and dissection (Eliason et al., 2005; Kurihara et al., 2012) . Neutrophils are among the first peripheral immune cells that are found in vascular inflammation, which is an important contributor to inflammatory injury of the aorta during the acute phase (Phillipson & Kubes, 2011) . Neutrophils secrete numerous chemokines that subsequently result in an increased number of macrophages entering these areas, causing sustained injury and inflammation (Rock, Latz, Ontiveros, & Kono, 2010) . A (Thompson et al., 1995; Tieu et al., 2009) . In order to elucidate the mechanism of decreased macrophage infiltration in aortic tissue of ADAMTS1 KO mice, we quantified the variation of monocytes in peripheral blood and bone marrow. Interestingly, there were no distinct differences in the percentage of monocytes between ADAMTS1 flox/flox and ADAMTS1 KO mice at an early stage of BAPN-induced TAAD development, indicating that ADAMTS1 has no effect on the transformation of monocytes into macrophages.
We suspected that the process of macrophage migration might be affected. Further study identified that deletion of ADAMTS1 inhibited macrophage migration, which might be part of the reason for the limitation of macrophage infiltration. ADAMTS1 remodels the extracellular matrix by proteolytically cleaving the key substrates versican (Russell et al., 2003) , syndecan (Rodríguez-Manzaneque et al., 2009 ) and nidogen 1 and 2 (Canals, Colomé, Ferrer, Plaza-Calonge, & Rodríguez-Manzaneque, 2006) . Studies have found that versican is significantly degraded in TAAD tissues, which is consistent with the upregulation of ADAMTS1 (Ren et al., 2013; Gao et al., 2016) .
Moreover, recent progress with degradome has revealed various nonmatrix substrates (e.g. cytokines, chemokines and growth factors) of matrix metalloproteinase. Some pro-inflammatory chemokines have been identified as the substrates of MMPs, including MCP-1, CXCL12
and CXCL5 (Van Den Steen et al., 2003; Kleifeld et al., 2010) , which might be related to inflammatory cell recruitment. Nevertheless, how ADAMTS1 affects neutrophil and macrophage recruitment into BAPNtreated aorta needs to be explored further.
In the ADAMTS family, several other members are also involved in TAAD. Most research has focused on the role of ADAMTS4 in the development of aortic aneurysm and dissection. The study by Ren et al. (2017) showed that ADAMTS4 deficiency significantly reduced challenge-induced aortic diameter enlargement, aneurysm formation, dissection and aortic rupture by decreasing elastic fibre destruction, versican degradation, macrophage infiltration and smooth muscle cell apoptosis, which resembled the effects and mechanism of ADAMTS1 in TAAD according to our study. In addition, ADAMTS5
and ADAMTS16 showed significantly high expression in TAAD, and they might be associated with the pathogenesis of TAAD (Güneş et al., 2016) . However, the research is still at the clinical specimen stage, and the exact functions and mechanisms of ADAMTS5 and ADAMTS16 need to be investigated further.
In conclusion, the present findings suggest that ADAMTS1 might exacerbate TAAD by enhancing the recruitment of inflammatory cells into the aorta. ADAMTS1 might be an effective target for preventing the development of TAAD.
